Introduction
Designers, engineers and manufacturers are always in search of new and better materials for performance improvements and cost reduction of their products to remain competitive in the market. This requirement has resulted in the availability of thousands of material choices to the Materials and Design 157 (2018) [412] [413] [414] [415] [416] [417] [418] [419] [420] [421] [422] [423] [424] [425] [426] [427] [428] [429] [430] designers. It has been estimated that over 160,000 materials have been invented in the world [1] . In the same context, the initial limited material choices available to the microsystems/Micro-Electro-MechanicalSystems (MEMS) designers have also expanded due to improvement and introduction of new microfabrication techniques and processes. It is claimed that virtually all materials that can be electroplated from solution are useable as MEMS materials [2] . Therefore, choosing the best suited material using the traditional design approach, such as those based on Design of Experiments (DOE), is extremely challenging, or even impossible. It is also likely that many materials with superior performance are missed out during the design cycle.
To overcome this difficulty and to make the design process more effective and efficient, many systematic material selection methods have been proposed over the years. Jahan et al. [3] have listed 22 methods used by researchers for materials' screening, comparing, choosing and optimization. Some notable methods include 'Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS)' [4] , 'Analytic Hierarchy Process (AHP)' [5] , 'Elimination and Choice Expressing Reality (ELECTRE)' [6] , 'Vise Kriterijumska Optimizacija Kompromisno Resenje' i.e. multi-criteria optimization and compromise solution (VIKOR) [7] , Fuzzy [8] and Ashby's method [9] . While these material selection techniques have been frequently applied to traditional macro-sized products and systems, microsystems/MEMS have so far received little attention. For comparison, out of all the material screening, comparing, selection and optimization methods reported in the literature in recent years, only four have been demonstrated for selection of materials for MEMS devices. Interestingly, out of these four techniques, Ashby's method of material selection, originally developed for materials selection at macro-scale, has been applied most frequently for microsystems/MEMS devices. The other examples are the work of Chauhan et al. [10] , Yazdani et al. [11] and Zha et al. [12] .
Chauhan et al. [10] compared Ashby's method with TOPSIS and VIKOR for material selection for MEMS gyroscope and Capacitive Micromachined Ultrasonic Transducer (CMUT). Yazdani et al. [11] compared Ashby's method with TOPSIS and VIKOR for material selection of MEMS electrostatic actuators, whereas Zha et al. [12] developed a Fuzzy decision process for MEMS materials and process selection.
In the TOPSIS approach, a positive and negative ideal solution is identified. The attribute closest to the positive ideal and farthest from the negative ideal is the best compromised solution. This process is easy to implement and program, and the total number of steps involved in the process does not vary with the addition of any other attribute. However, the major drawback with this approach is that it does not consider the correlation between the attributes [13] . In a similar fashion to TOPSIS, the VIKOR method also relies on the closeness to an ideal solution but unlike TOPSIS, this method introduces a ranking index depending upon the measure of closeness from the ideal solution. Moreover, this method eliminates the unit of criterion functions by using linear normalization [14] . This method is very helpful in multi-criteria decision making if the designer is not clear about the preferences at the start of the design cycle. However, the major disadvantage of this method is that its accuracy is compromised during the normalization process [15] . The Fuzzy decision-making method takes imprecise and incomplete data to reach a solution, which is helpful if the available data is limited. However, this approach is sometimes difficult to implement and requires a large amount of computational modelling before it can be implemented on a real world problem [16] .
TOPSIS, VIKOR and Fuzzy decisions are primarily statistical methods, therefore, the inherent issues of statistical methods are embedded in them. These methods are applied before knowing any exact relationship between the material properties of the system under study, thus neglecting the effect of one property on the other [10] . However, in Ashby's method, exact relationships between different materials' properties involved in the design are established. This is achieved using Performance and Material Indices, which are derived specific to the part, device or component's functional requirements, thus efficiently un-actuated gap g [m] actuated gap ε [F/m] permittivity λ [1] modulus ratio ξ 0 [1] optimal thickness ratio d 31 [m/V] material constant of piezoelectric layer η [1] efficiency K′ [1] electromechanical coupling d [m] distance between capacitor plates d 1 [m] final position achieved by capacitor plate m [ Having discussed the usefulness of Ashby's methodology in relation to the other three techniques and the fact that Ashby's methodology has been the most frequently used technique for materials selection for microsystems/MEMS, this paper will now present a review of all the MEMS materials selection studies published over last two decades that are based on Ashby's method and summarize their key findings. The remaining paper is organized as follows: Section 2 of the article gives a brief review of the Ashby's material selection methodology. Section 3 reviews applications of the Ashby's method for material selection of microsystems/MEMS. In Section 4, MEMS materials proposed for different applications have been summarized. A discussion and concluding remarks are presented in Section 5.
Ashby's material selection methodology
Ashby's material selection approach is a well-established, tried and tested methodology, which falls in the category of Multi Objective Decision Making (MODM) techniques. In addition to its wide-spread and successful application for material selection in macro-scale systems such as trusses [17] , bipolar plates [18] , natural materials [19] , wind turbine blades [20, 21] , precision instruments [22] and hard coatings [23] etc., it is probably the only approach that has also been successfully applied for material selection in numerous microsystems/MEMS sensors, actuators and devices. In Ashby's material selection approach [9] , the performance of the product/system under consideration is calculated by the equation:
The function, geometry and material requirements in Eq. (1) are independent and separable, thus offering great simplification. For given 'F' and 'G' requirements, the performance can be optimized by just optimizing the material requirements. Based upon the functional and geometric requirements of the product, performance indices are derived in the form of Eq. (1). The material part of the Eq. (1) i.e. material index, is then optimized using graphs/charts. The axes of these graphs are the material properties of the derived material index. Different stages of the Ashby's material selection approach are also shown graphically in Fig. 1 .
Ashby's material selection method applied to microsystems/ MEMS devices
Material selection case-studies, using Ashby's approach, have been reported in the literature for a total of 20 key categories of MEMS devices. The performance indices have been developed for these devices and using the developed performance indices, material selection has been performed through comparison of material properties of different materials in the form of tables or charts. For the ease of comprehension, the 20 categories of MEMS devices having similar functional and structural requirements have been grouped into five classes of MEMS devices. These are MEMS sensors/transducers, MEMS actuators, microbeams/flexures, RF-MEMS and others (micro-motors, micro-pumps, micro-filters, micro-turbines, micro-heat sinks, micro-switches, micro-springs, microphones and micro-gyroscopes).
In each class, first the types of MEMS devices and their functional/ structural requirements have been discussed. The reported Performance Indices to achieve the functional requirements of these MEMS devices have then been presented. From the reported Performance Indices, the corresponding Material Indices for each category of MEMS devices have been derived. Based upon the Material Indices, the governing material properties responsible for achieving optimum devices performance have been identified and analyzed.
After presenting the Performance Indices and their corresponding Material Indices for five different classes of MEMS devices, the proposed materials along with different methods used to select these materials have been analyzed. The strengths and weaknesses of material selection methods and the proposed materials have been highlighted. Solutions to overcome the identified shortcomings of these methods have also been proposed and demonstrated using case studies. Tables 1-5 summarize the Performance and Material Indices reported for five different classes of MEMS devices during last two decades, each of which will be discussed separately in the subsequent paragraphs.
MEMS sensors/transducers
In this category, the MEMS sensors and transducers used for measuring pressure and force [2, [25] [26] [27] , detecting ultrasonic signals (ultrasonic transducers) [28] and mercury vapor, moisture or volatile mercaptans [25] are combined. The reason for grouping these sensors together is the fact that all these sensors/transducers use diaphragm deflection for transduction. A schematic of a membrane/diaphragm-based MEMS pressure sensor is shown in Fig. 2 . There are only two exceptions [25, 27] , which use cantilever deflection for pressure sensing and transduction. Therefore, the main mechanical part involved in these MEMS sensors'/transducers' design is their diaphragm or cantilever beam. Maximizing the diaphragm/cantilever beam deflection and its vibrating (resonance) frequency are the two design goals to be achieved for all these sensors and thus the Performance and Material Indices for these two parameters were formulated accordingly. By using an appropriate Material Index involving three material properties, σ f , E and ρ, as suggested by the formulated Performance Indices, optimized diaphragm design for maximum deflection and highest frequency can be achieved.
Final Material Choice Seek Supporting Information
Research the family history of top-ranked materials Rank Using Objectives: The Performance and Material Indices reported for these sensors/transducers are summarized in Table 1 . It is worth mentioning that mechanical structures also dissipate energy during their vibrations and these dissipations are required to be minimized for an efficient design. This can be achieved by minimizing the intrinsic loss coefficient, as reported in [27] . Moreover, ultrasonic transducers may also be required to operate at high temperatures resulting in a changed frequency response due to thermal strain. Therefore, an additional performance index (thermal stability) has also been studied for such devices. The corresponding material properties that define the thermal stability of the device are thermal conductivity and coefficient of thermal expansion. The Material Index for thermal stability has been reported by [28] for MEMS CMUTs (Capacitive Micromachined Ultrasonic Transducers).
MEMS actuators
Micro actuators are used in a variety of applications such as microgrippers [29] , relays [30] , switches [31] and precision positioning [31, 32] . Micro actuation can be achieved using different actuation principles. Material selection has been reported for micro actuators working on three different principles: electrostatic actuation [33, 34] , thermal actuation [28] and Bi-material Piezo-Electric (BPE) actuation [35] . A typical MEMS electrostatic actuator consists of two parallel plates, as 
No [27] 2003 Microfabricated cantilever based sensors Minimum detectable force (sensitivity)
Yes illustrated in Fig. 3 , with an actuating electrode and a fixed electrode. The movement of the actuating electrode is controlled by the electrostatic force developed between the two electrodes. The important design parameters for electrostatic actuation are actuation voltage, actuation speed (directly related to natural frequency of vibration) and actuation displacement/stroke. However, the requirement to maximize or minimize these parameters depends upon the target application. For example, applications such as displays and switches require low actuation voltage, whereas for applications requiring large forces (e.g. stepper motors [36] ), a high actuation voltage is essential [33] . By adjusting the contributions of the three material properties, σ f , E and ρ, performance parameters can be either maximized or minimized. The exact relationships for maximizing or minimizing these material properties are given in Table 2 .
The simple structure of a thermal actuator consists of a single beam anchored with the substrate at both ends. The applied voltage between the two anchor points, as shown in Fig. 4 , causes ohmic (or Joule) heating and an expansion of the beam. This results in beam buckling and in-plane movement at its mid-point. For higher reliability of such structures, thermal distortion governed by the material's thermal 
Yes [43] 2007 RF-MEMS Intrinsic residual stresses in evaporation process deposition
Yes
[44] 2010 RF-MEMS (RF Bridge) Intrinsic residual stresses in evaporation process deposition Table 5 Performance and Material Indices for miscellaneous MEMS devices.
Ref Year Devices
Variable studied Performance Indices formulated Material Indices formulated Material charts developed [2] 2000 Gyroscopes Vibrating frequency
Yes
Maximum deflection without fracture
Accelerometers and switches
Micro-motors, micro-pumps and micro-turbines
Micro-electronic heat sinks Resistivity and thermal conductivity
Applied Pressure
Reference Pressure Diaphragm Cavity conductivity and coefficient of thermal expansion [28, 37, 38] is required to be minimized. Accordingly, the Performance Index for achieving minimum thermal distortion, listed in Table 2 , requires a material with higher thermal conductivity and lower coefficient of thermal expansion.
A typical Bimaterial Piezo-Electric (BPE) micro-actuator, as shown in Fig. 5 , consists of two layers; a piezoelectric material layer and a supporting substrate material layer. The piezoelectric effect in the piezoelectric material layer causes the generation of mechanical stress, which results in the actuation. The important performance parameters for BPE micro-actuators are actuation frequency, actuation efficiency, required voltage for actuation (voltage index), and the loss coefficient. Performance and Materials Indices for these parameters are given in Table 2 . The effect of actuation frequency on the material selection is negligible as the density of the two materials considered for BPE are very close to each other. Required actuation voltage can be optimized by optimizing the thickness ratio of the two materials, while the loss coefficient can be controlled through material stiffness.
Micro-beams/flexures
Micro-beams are integral parts of many MEMS sensors and actuators [40] . They can also be used as independent sensors; one such example is the inertial sensor shown in Fig. 6 . Failure by shock-induced stiction is a common issue for micro-beams but surface coatings and enhanced surface roughness have provided a practical solution to this problem. These structures are also required to resist the inertial loads resulting from sudden shocks and therefore, must have high stiffness to reduce the deformation and low density to lower the inertial loads. In order to fulfill all these requirements for micro-beams, Performance and Material Indices developed and reported in literature [25, 27] have been summarized in Table 3 . The ratio of the material properties E and ρ can be adjusted to achieve the desired design for specific applications.
Micromachined flexures are also prevalent in many MEMS sensors and actuators [27] . The performance requirement for these flexures (used in place of hinges or other bearings) is to have a maximum displacement without failure, with minimum force application. This material requirement can be achieved by maximizing the ratio of material properties σ f and E.
RF-MEMS
RF MEMS have numerous components (e.g. bridges, switches, switched capacitors, varactors, resonators, and oscillators) and actuation methods (e.g. electro-thermal, electrostatic, piezoelectric and magneto-static). Four cases [42] [43] [44] [45] of RF MEMS materials selection using Ashby's methodology have been reported in literature. All four are based on an electrostatic actuation mechanism. Performance and Material Indices have been reported for RF bridge, RF switch and RF varicap (variable capacitor). The performance parameters governing these components are intrinsic residual stresses induced during deposition process of RF thin films, pull-in voltage (for bridge and switches), available capacitance and quality factor. In RF-MEMS, while minimizing intrinsic residual stresses, the quality factor and available capacitance are required to be maximized. However, the value of the required pull-in voltage is application dependent. This can be explained by considering a normal design of a MEMS RF switch/varicap, which consists of two parallel plates that form a capacitor. The top plate is mobile, while the bottom plate is fixed. When a DC voltage is applied between parallel plates, an electrostatic force is generated. When this applied voltage reaches a specific value, called pull-in voltage, the mobile plate collapses on the fixed plate. This is not required for an RF varicap, as illustrated in Fig. 7 ; however, this is the normal function of an RF switch (Fig. 8 ) [43] . Material properties,σ f , E, ρ, ν and k can be used to achieve the desired maximum or minimum of the above discussed parameters for different RF MEMS devices, as summarized in Table 4 .
Other MEMS/micro devices
In this category, material selection for MEMS devices such as gyroscopes [2, 28] , micro-motors/micro-pumps/micro-turbine [2, 25, 28] , micro-filters [27] , micro-electro heat sinks [48] and micro-phones, resonators, accelerometers, and switches [28] has been reported. A gyroscope (as shown in Fig. 9 ) consists of one or two proof masses, which are driven with in-plane vibration. When a rotational rate is experienced by the gyroscope, it produces an out of plane vibration, which is used to detect the angular rate.
The liquid and gas management at micro level is achieved by using micro-motors and micro-pumps. The active structural element for micro-motors and micro-pumps is a rotating disc as shown in Fig. 10 . The micro-turbines, on the other hand, are used for energy generation at micro-level. Micro-filters are potential candidates for use in communication circuits for filtering out selective frequencies. Heat sinks are used for the most cost effective thermal management of MEMS circuits and devices. The performance parameters for each of these micro-devices/ microsystems are different. Natural frequency is important for gyroscopes, resonators and filters; energy is an important parameter for rotating disc of micro-motors/micro-pumps/micro-turbines; whereas, deflection is the critical parameter for microphones and switches. Performance and Material Indices for all these devices are summarized in Table 5 . 
Review of materials proposed for MEMS applications
Ashby's material selection methodology has four steps; (1) formulation of Performance Indices of the element under consideration, (2) extracting Material Indices from the Performance Indices, (3) plotting material indices to generate material selection charts and finally, (4) material selection. The real advantage of Ashby's methodology is its integration with the CES software, which has an updated and accurate database of almost 3,000 available materials. While reviewing the application of Ashby's material selection methodology for MEMS/ microsystems (Tables 1-5 ) it becomes evident that steps 1 and 2 of Ashby's methodology have been applied fully for most of the cases. However, steps 3 and 4 have not been implemented fully in many cases. It is worth highlighting that the material selection for different MEMS devices/applications reported so far is generally based on the performance comparison of very few materials (b30 materials in most cases). There are however, two exceptions. First is the material selection for RF-MEMS [42, 43] , where a material database of 167 materials has been used. The second exception is material selection for MEMS heat sinks [48] , where CES-generated material selection charts have been used. Keeping this fact and background in mind, the materials proposed for different MEMS devices and systems will now be discussed in the subsequent paragraphs.
Materials for MEMS sensors/transducers
Materials for two types of MEMS sensors/transducers (i.e. diaphragm and cantilever based) have been reported (S. No 1, Table 6 ). The performance parameters for a diaphragm based pressure sensor are diaphragm deflection and its vibration frequency. To achieve large diaphragm deflection, materials with higher values of σ 3 = 2 f and a lower value of E are desirable. The material selection for diaphragm based pressure sensors, reported in literature, is primarily based upon the material properties comparison of very few materials (maximum 09) in a tabular form. The dominant material proposed, based upon this comparison, is silicon. It is pertinent to highlight that materials better than silicon could become prevalent if the MEMS material data base is expanded. The key performance parameter for a cantilever based force sensor is its sensitivity (minimum detectable force), which is function of (EρÞ 1 = 4 and χ (loss coefficient). For higher sensitivity, both (EρÞ 1 = 4 and χ are required to be minimized. The initial choices of materials for a cantilever based force sensor from Fig. 11 are silicon oxide, quartz, silicon, gallium arsenide, and silicon nitride. However, under ambient condition, the loss coefficient is largely determined by the extrinsic loss, which makes it independent of material properties. In such cases, the effective material requirement is reduced to just having a minimum value of index (EρÞ 1 = 4 . Fig. 11 then suggests that polymers are also an attractive choice [27] . Fabrication of polymer probe for scanning force microscopy by Genolet et al. [49] is consistent with these findings.
Materials for MEMS actuators
Candidate materials for two types of micro-actuators; electrostatic and BPE actuators have been reported. Since the material requirements for the micro-actuators are application dependent, materials for three different applications of electrostatic micro-actuators and two applications of BPE actuators have been discussed below.
Materials for high speed and high force electrostatic actuation
The speed of actuation is related to frequency of vibration of the actuator and is governed by the material index ffiffiffiffiffiffiffiffi E=ρ p , whereas actuation force is related to the material Young's modulus E. In order to achieve high speed and high force actuation, both the material indices ffiffiffiffiffiffiffiffi E=ρ p and E are required to be maximized. Fig. 12 is the plot of these two material indices and it is evident that diamond is the best choice in this case. After diamond come silicon carbide, silicon nitride, alumina, titanium carbide and silicon as possible materials.
Materials for high speed and low voltage electrostatic actuation
A high speed of actuation requires a high value of ffiffiffiffiffiffiffiffi E=ρ p , whereas low actuation voltage requires a low value of ffiffiffi E p . This is a case of conflicting requirements of material indices because a high actuation speed will also result in a high actuation voltage. Such conflicting requirements can be handled by drawing a trade-off line as shown in Fig. 13 [33] . The materials falling on this line or close to this line are the best-suited materials. Silicon oxide, quartz and silicon are thus the candidate materials for moderately high speed and low voltage applications.
Materials for large displacement and low voltage electrostatic actuation
Large displacement actuation requires higher values of material index σ f /E (maximum value of σ f and minimum value of E), whereas low voltage actuation requires a low value of material index ffiffiffi E p . Fig. 14 [11] is the plot of these material indices, where σ f /E has been plotted on x-axis and ffiffiffi E p has been plotted on the y-axis. It is evident from Fig. 14 that polymers are an attractive choice for high displacement and low voltage actuation. Among the polymers, PMMA is optimal followed by PVDF and polyimide. However, linearity and hysteresis may be an issue in the mechanical response of polymers.
Materials for Bimaterial Piezo-Electric (BPE) actuators
Piezoelectric and substrate materials for two different applications, high force/work and high frequency, within BPE has been proposed in the literature [35] . Fig. 15 is a plot of a range of piezoelectric materials on two different substrate materials; Si (Silicon) and DLC (Diamond Like Carbon). It is evident from Fig. 15 that when used on Si and DLC substrate, ferroelectric piezo-ceramics (Rochelle salt (RSAL) and PZT) are superior when compared with the other materials. Due to the unstable nature and low transition temperature, Rochelle salt is unlikely to be suitable for micro-actuators. Quartz, which is traditionally used for sensors and macro-actuators is not suitable for MEMS actuators due to its low piezoelectric constant [35] . From Fig. 15 , the best material choices for high force/work actuation are PZT (Lead Zirconate Titanate), PMNT (Lead Magnesium Niobate-Lead Titanate), PZNPT (Lead Zinc Niobate-Lead Titanate), PMNPT (Lead Magnesium Niobate -Lead Titanate) and BaTiO 3 (Barium Titanate) in combination of both Si and DLC substrate.
The material selection chart for selecting candidate materials for high frequency applications is given in Fig. 16 [35] . AlN on Si or DLC substrate are superior choices compared with the rest of the piezoelectric materials for this type of application. A combination of piezoelectric materials on polymer substrates however, has lower performance.
Materials for micro-beams/flexures
Micro-beams are prone to shock induced stiction during the loading event. Therefore, they should have high stiffness and low inertia. The material property governing the stiffness is the Young's modulus, whereas inertia is controlled by density. In order to resist shock induced stiction, materials with a higher value of Young's modulus and a lower value of density are the candidate materials. Maximizing Material Index E/ρ satisfies this requirement. This Material Index has been plotted in Fig. 17 [27] , where ρ is plotted on the x-axis and E on y-axis. The candidate materials from Fig. 17 are diamond, silicon carbide, alumina, silicon nitride and silicon.
The requirement of the flexures is to produce a large displacement with minimum application of force. They are also required to produce large displacement without fracturing. Thus, the material requirement of flexures is to have minimum E and maximum σ f /E. These two material indices have been plotted in Fig. 18 [27] . It is evident from Fig. 18 that polymers are the most attractive choice for applications involving maximum flexure.
Materials for RF-MEMS
Materials for three different requirements (S. No. 4, Table 6 ); (a) decreasing the intrinsic stresses during deposition process of RF thin films, (b) high pull-in voltage and high quality factor, and (c) low pull-in voltage and high quality factor, are proposed in the literature. The proposed materials for each requirement are discussed below.
Materials for low intrinsic stresses
Generally, the residual stresses are developed during the deposition process. These stresses come in the three forms: intrinsic, thermal and external. Thermal residual stresses are developed during heating/cooling cycles, whereas the sources of external residual stresses are oxidation and impurities. The intrinsic residual stresses are the only one which deal with the material properties of the deposited layer. The Material Index to minimize the intrinsic stresses is given in Table 4 . According to the reported Material Index, materials with minimum value of αET melting /(1 − υ) and maximum value of thermal conductivity k result in low intrinsic stress during the deposition process of RF thin films. The candidate materials, from the database containing 167 materials, qualifying this criterion are rubidium, boron nitride, potassium, silver, magnesium, gold, copper and aluminum. Rubidium, potassium and magnesium are highly reactive materials, which makes them unsuitable for RF thin film deposition [43] . Therefore, the final choice of materials for decreasing intrinsic stresses during thin film deposition is reduced to boron nitride, silver, copper, aluminum and gold.
Materials for high pull-in voltage and high quality factor
A high pull-in voltage and high quality factor are the requirements for RF-varicap [43] . By maximizing Material Index ffiffiffi E p ρ −1 , suitable materials for high pull-in voltage and high quality factor can be chosen. The materials qualifying this criterion are copper, silver, iridium, gold, rhodium, tungsten and molybdenum. However, if low intrinsic stress in the deposited film is also the requirement, in addition to the high pull-in voltage and high quality factor, then the choice of material is reduced to copper, silver and gold.
Materials for low pull-in voltage and high quality factor
A low pull-in voltage and high quality factor are the requirements for RF-switches. By maximizing material index ffiffiffi E p =ρ −1 , suitable materials for low pull-in voltage and high quality factor can be chosen. The materials qualifying this criterion are gold, copper, magnesium, calcium, sodium, silver, potassium and rubidium [43] [44] [45] . Again, if low intrinsic stress in the deposited film is required in addition to a low pull-in voltage and high quality factor, then the choice of material is reduced to copper, silver and gold. It is pertinent to highlight that copper, silver and gold qualify as candidate materials for all three considered material requirements of RF-MEMS. However, copper and silver are sensitive to oxygen and humidity, which leaves gold as the most suitable bridge material for RF MEMS application. This has been theoretically and experimentally demonstrated by Guisbiers et al. [44] by depositing a gold bridge for RF MEMS applications. 
Materials for other MEMS devices
In this category, material selection for pumps/turbomachinery, micromachined filters, gyroscopes and micro-electronic heat sinks from literature are reported. Proposed materials for each device category are discussed below.
Materials for pumps/turbomachinery
The main structure for pumps/turbomachinery is the rotating disc as shown in Fig. 10 [2, 25] . Maximizing the total kinetic energy stored/ mass in this rotating disc is the functional requirement for optimum performance. This is achieved by maximizing Material Index σ f /ρ. Two authors [2, 25] have reported suitable materials for micro-pumps/ turbomachinery. They compared the material properties of qty 08 and 09 materials in a tabular form, respectively. The material proposed for the optimum performance of micro-pumps/turbomachinery by both studies [2, 25] is silicon. However, since the materials database considered for optimum material selection in their studies is very small, the option of exploring other/new materials for these applications remains open.
Materials for micromachined filters
The main requirement for the micromachined filter is to operate at a higher frequency to ensure the selected signal of interest can be matched. This is achieved by maximizing the Material Index ffiffiffiffiffiffiffiffi E=ρ p . Fig. 17 above [27] can be used to make the initial selection of the materials for the micromachined filters. It is evident that diamond is the optimal material followed by silicon carbide, alumina and silicon nitride. Diamond has also been proposed by Kohn et al. [50] and Wang et al. [51] for such applications.
Materials for gyroscopes
The functional requirement of gyroscopes is to have maximum sensitivity, which is related to the amount of out-of-plane deflection for a given rotational rate and the maximum achievable deflection. The amount of out-of-plane deflection for a given rotational rate is governed by k/(Eα) 2 , while maximum achievable deflection is given by Material Index σ f /E. These two material indices have been plotted in Fig. 19 [28] .
The materials falling in the upper right corner of the plot are the candidate materials and include diamond, silicon nitride, silicon carbide, poly-silicon and silicon oxide.
Materials for micro-electronic heat sinks
Micro-electronic heat sinks have various functional requirements. It should be a good electrical insulator (i.e. having maximum electrical resistivity) to prevent stray capacitance and electrical coupling between the microchip and heat sink. At the same time, it should be a good thermal conductor (i.e. having maximum thermal conductivity) so that heat from microchip is carried away efficiently. The thermal stresses during heating cycles and the contact resistance between heat sink and the microchip also need to be minimized. Material needs for the first two requirements are fulfilled by the CES-generated material selection chart shown in Fig. 20 [48] . The materials falling at the top right corner of the figure have the highest values of electrical resistivity and thermal Figure has been taken from [28] . conductivity. It is evident from the figure that aluminum nitride and aluminum oxide are the candidate materials fulfilling the chosen requirements. In order to reduce the thermal stresses, materials that have a larger value of Young's modulus and whose convective heat transfer coefficient (h) increases with increasing temperature are the candidate materials. The proposed materials satisfying these requirements are aluminum nitride, aluminum oxide and silicon nitride. Aluminum and its alloys are also good for lowering the contact resistance [48] . Therefore, aluminum and its alloys are best overall candidate materials for MEMS-based heat sink applications. However, it should be noted that this selection is based upon the bulk material properties within the CES software due to the database containing only bulk material properties.
Discussion
The review of MEMS material selection studies based on Ashby's methodology presented in preceding sections reveals that so far different researchers have reported material selection studies for a total of 20 key categories of MEMS devices. Based upon the Performance and Material Indices derived for these MEMS devices (Tables 1-5 ) many authors have suggested the most suitable materials (Table 6 ) for these MEMS devices.
It is worth noting, however, that the materials selection performed in these studies is based primarily on the performance parameters of these MEMS devices. However, other factors such as reliability, cost (and its relationship associated with manufacturing volume) and yield are also critical for MEMS design and must be taken into account. Moreover, the material selection in most of these studies is based upon the manual comparison of material properties of a limited set of materials, and in this process the complete material universe available to MEMS designers/engineers is not explored. These manual methods, which are based upon the data of a limited set of materials, become inadequate for large material data sets and for customized material selection; for example if the designer wants only eco-friendly materials or materials with a cost or weight below a certain threshold.
These limitations can be overcome by developing (or using) a suitable material selection software for MEMS materials selection, which should be accompanied by a reasonably comprehensive MEMScompatible or MEMS-specific materials database. Among a number of general databases and software made available for materials selection by different organizations, the Cambridge Engineering Selector (CES) stands out as the most powerful and versatile option [1] . It is an industrial standard tool, which provides graphical analysis of material properties. A number of materials databases are embedded within CES, which can be used with its interactive graphing and comparison tool, enabling smart material selection decisions. Other important requirements such as cost minimization, eco-friendliness, medical compatibility, etc., can also be fulfilled while selecting the materials that best-match the design/performance requirements for the considered applications.
It is equally important to point out that despite having all the above strengths and versatilities, CES in its current state has one limitation in the context of microsystems/MEMS devices; it lacks availability of data on MEMS-compatible or MEMS-specific materials with micro-scale properties. Since the CES software was originally developed for material selection and optimization for macro-systems [17] [18] [19] [20] [21] [22] , its database mainly contains bulk material properties, which are often different from the micro-scale properties. As an example, the reported microscale tensile strength of silicon is 4000 MPa [2, 25] , whereas the tensile strength for silicon used in CES is 165-180 MPA. Similarly, the reported micro-scale tensile strength of silicon oxide is 1000 MPa [11, 27] , whereas that used in CES is 45.7-50.4 MPa. Moreover, many extensively used and reported MEMS materials, e.g. silicon (110), silicon (111), polysilicon, SU-8, parylene, gallium arsenide and gallium nitride etc. are not included in the material database of CES software. This limitation of CES software can be addressed by adding microscale material properties for the MEMS compatible materials in its main database and/or by developing a separate MEMS material database to be used as an extension module with the software. One good example in this context is that of COMSOL multi-physics [52] , which has been upgraded by incorporating a MEMS module to keep pace with this emerging technology.
To address this limitation of CES, we have developed a MEMS Materials Database, which consolidates some of the key micro-scale material properties for most of the MEMS materials reported in the literature. To elucidate the disparity between bulk material properties (typically used in CES software) and the three key micro-scale material properties i.e. density, Young's modulus and fracture strength (reported for MEMS materials), these have been put side-by-side and presented in Table 7 . Based upon these micro-scale material properties, a dedicated MEMS Materials Database has also been developed as an Add-on Module for CES software and integrated with it.
To illustrate the usefulness of MEMS-compatible materials data versus the bulk materials properties provided by the CES, material selection charts using bulk and MEMS (micro-scale) material properties have been developed and compared for selection of materials with conflicting requirements (maximizing diaphragm deflection and natural frequency of vibration simultaneously) of a MEMS pressure sensor. The material selection chart generated using CES default database (bulk material properties) is shown in Fig. 21 while that using MEMScompatible materials database is shown in Fig. 22 . These charts have been divided into four sectors, taking quartz as the reference material at point 'O'. The materials in sector A are better than quartz in terms of maximizing diaphragm deflection and natural frequency of vibration simultaneously, whereas those in section B, C and D are inferior to quartz.
While considering the bulk material properties (Fig. 21) , only two materials (diamond and chromium) emerge as better material than the quartz, whereas while considering micro-scale material properties (Fig. 22) , a much larger set of candidate materials appear to be better than quartz. At the same time it is also evident that a number of MEMS materials are missed out while considering the bulk properties of the materials included in the CES database. An example to this effect is silicon (110), which is one of the key candidate materials for this application but has been missed out altogether from the material selection chart based upon the bulk material properties (Fig. 21) . Furthermore, several materials are placed at incorrect locations on the materials comparison chart, leading to the selection of inappropriate materials due to use of currently available bulk material properties database for selection of materials for MEMS devices. Silicon nitride (SiN), which is erroneously shown to be inferior to quartz when using CES database with bulk material properties (Fig. 21) rightly appears superior to the quartz when considering the newly developed MEMS-compatible/specific materials database (Fig. 22) .
As demonstrated by the above case study, at the start of any MEMS device design, the developed micro-scale material properties database used with the developed performance indices can give a reasonably good estimate of candidate materials. This database can be used for the material optimization of 20 different categories of MEMS devices for which the performance indices have already been established. Moreover, using advanced features of CES software, material selection for customized requirements such as materials for specific temperature range or any other specific operating environmental condition can also be selected very easily. Although, Performance Indices for a variety of MEMS devices have been developed but these do not cover the whole range of MEMS devices and need to be expanded in future. For example, development of the Performance Indices for the MEMS flow/shear stress sensors and MEMS temperature sensors are such two cases. Similarly, the MEMS material database developed in this paper contains the material properties of 51 MEMS materials, which can also be expanded on availability of data on new MEMS materials and their properties in future.
Most of the developed Performance Indices are of preliminary nature and inclusion of more specific design parameters in the performance indices can provide even better material choices. For example, in case of MEMS pressure sensor, the derived performance indices focused on maximizing the diaphragm deflection and its natural frequency. Instead of focusing on diaphragm deflection, going for a more specific performance attribute such as device sensitivity, burst pressure, package stresses and signal to noise ratio will provide more meaningful material choices.
Conclusion
In this paper, different material selection approaches for microsystems/MEMS devices have been reviewed. It has been established that with few exceptions, Ashby's material selection methodology, due to its simplicity, reliability, versatility and accuracy, remains the most widely and extensively used technique for microsystems/MEMS materials selection to-date.
As a reference for the global community of MEMS designers, engineers, and scientists, all the Performance and Material Indices, reported in the literature for 20 different categories of microsystems/MEMS during last two decades, have been collated and presented (Tables 1-5) . Moreover, the most suitable materials suggested in the literature for different types/categories of MEMS devices and applications have also been presented (Table 6 ) and analyzed. This paper also highlights both the unique strengths as well as a limitation of Ashby's materials selection methodology, when applied by using the CES software for selecting the best suited materials for MEMS. Since micro-scale properties of materials commonly used for micro-fabrication do not match those of the bulk materials, a separate database having micro-scale properties of materials used for MEMS sensors, actuators and devices was essential. To address this limitation, a database containing three key micro-scale properties (i.e. density, Young's modulus and fracture strength) of MEMS materials has been developed ( Table 7) .
To demonstrate the advantage of using the developed MEMS specific database versus the previously available database in CES software (with bulk material properties), a case study on the selection of materials for conflicting performance requirements of MEMS pressure sensors has also been presented. Our selection showed that certain MEMS material (e.g. SiN and Si (110)) were incorrectly assessed and therefore, misplaced on the materials selection charts while using the general CES database. These application-specific superior materials correctly emerged as the best candidate materials using the MEMS database extension.
It is therefore, concluded that Ashby's method has remained and is likely to remain the preferred technique for selection of materials for different microsystems/MEMS devices. This work allows Ashby's material selection methodology to be fully exploited for MEMS design by using the MEMS-compatible materials' properties (Table 7) along with the relevant Performance Indices and Material Indices for different categories of microsystems/MEMS devices (Tables 1-5 ). Using the Performance Indices, Material Indices and materials suggested by different researchers for various types of MEMS devices (Table 6 ), alongside the micro-scale properties of MEMS compatible materials presented in this paper, it will serve as a quick reference and a useful resource for researchers, engineers and scientists engaged in materials based design optimization of various microsystems and MEMS devices. His research interests include high strain behavior of composite materials, and design, material optimization and packaging for CMOS MEMS (flow, pressure, temperature and gas) sensors. He is also interested in laser micromachining for MEMS and devices based on advanced materials including Carbon Nano Tubes (CNTs) and Graphene.
